The N-terminal 15 amino acids of the major protein associated with inorganic pyrophosphatase activity in Bacillus subtilis WB600 are identical to those of B. subtilis ORF yybQ. This ORF was amplified from B. subtilis WB600 DNA by PCR and cloned into an overexpression vector in Escherichia coli. Induction of overexpression produced a soluble protein of 34000 Da by SDS-PAGE and by matrix-assisted laser desorption and ionization mass spectrometry. The overexpressed protein had a high specific activity for the hydrolysis of magnesium pyrophosphate, and was specifically and reversibly activated by Mn2+ ions. These properties are identical to those of inorganic pyrophosphatase purified from B. subtilis WB600. No significant similarity was found between the derived sequence of the B. subtilis yybQ-encoded protein and published sequences of identified inorganic pyrophosphatases of Eukarya, Bacteria or Archaea domains. However, there is significant similarity to three putative proteins of unknown function from the archaea Methanococcus jannaschii and Archaeoglobus fulgidus, and from Streptococcus gordonii. The genomes of B. subtilis, M. jannaschii and A. fulgidus do not contain sequences similar to those of hitherto known soluble inorganic pyrophosphatases. The present findings, together with a survey of the properties of inorganic pyrophosphatases from 38 different sources, suggest that the B. subtilis yybQencoded protein is the first fully characterized member of a new class of inorganic pyrop hosp hatase.
The N-terminal 15 amino acids of the major protein associated with inorganic pyrophosphatase activity in Bacillus subtilis WB600 are identical to those of B. subtilis ORF yybQ. This ORF was amplified from B. subtilis WB600 DNA by PCR and cloned into an overexpression vector in Escherichia coli. Induction of overexpression produced a soluble protein of 34000 Da by SDS-PAGE and by matrix-assisted laser desorption and ionization mass spectrometry. The overexpressed protein had a high specific activity for the hydrolysis of magnesium pyrophosphate, and was specifically and reversibly activated by Mn2+ ions. These properties are identical to those of inorganic pyrophosphatase purified from B. subtilis WB600. No significant similarity was found between the derived sequence of the B. subtilis yybQ-encoded protein and published sequences of identified inorganic pyrophosphatases of Eukarya, Bacteria or Archaea domains. However, there is significant similarity to three putative proteins of unknown function from the archaea Methanococcus jannaschii and Archaeoglobus fulgidus, and from Streptococcus gordonii. The genomes of B. subtilis, M. jannaschii and A. fulgidus do not contain sequences similar to those of hitherto known soluble inorganic pyrophosphatases. The present findings, together with a survey of the properties of inorganic pyrophosphatases from 38 different sources, suggest that the B. subtilis yybQencoded protein is the first fully characterized member of a new class of inorganic pyrop hosp hatase.
INTRODUCTION
Soluble inorganic pyrophosphatase (PP,ase ; EC 3.6.1.1) is an enzyme found in nearly all living cells, where it removes the pyrophosphate (PP,) generated by many important biosynthetic pathways. Since PP, is usually produced in near-equilibrium reactions, the action of PP,ase serves to pull the equilibrium over in favour of synthesis, In keeping with its central role in metabolism, PP,ase has been shown to be essential for the growth of Escherichia coli (Chen et al., 1990) and for Mn2+ or Co2+ ions. It also differs from most other prokaryotic PP,ases in having a subunit molecular mass of 34000 Da. In this paper we report the identity of the B. subtilis PPiase with the translation product of an ORF (yy6Q) of hitherto unknown function in the B. subtilis genome. From its sequence, the PP,ase appears unrelated to other sequenced PP,ases, but shows significant similarity to three other putative prokaryotic proteins of unknown function and possibly to an exopolyphosphatase (metaphosphatase) from yeast. We discuss the possibility of a new class of PP,ase enzyme, designated type C to distinguish it from previously characterized enzymes of prokaryotes and eukaryotes, designated types A and B, respectively. We have cloned the yybQ gene in E. coli and have overexpressed the protein. The latter is produced within the cytosol, and appears identical in size and properties to the PP,ase isolated directly from B. sub ti1 is WB600.
METHODS
Analysis of N-terminal sequence. B. subtilis WB600 PP,ase was purified as described by Kuhn & Ward (1998) . The preparation was subjected to SDS-PAGE and proteins were transferred to a PVDF membrane by electroblotting using a Pharmacia semi-dry blotting apparatus. Electrophoretic transfer proceeded at 2.5 mA (cm gel)-2 for 30 min. The PVDF membrane was stained with Coomassie blue R250, destained and dried. Stained bands were cut out from the membrane and the protein was sequenced by Edman degradation using an applied Biosystems 473A automatic sequencer (Alta Bioscience, University of Birmingham).
Informatics. The B. subtilis genome database at http :// www/pasteur.fr/cgi-bin/subti/SubtiList was searched with the N-terminal sequence of the protein. Subsequently, comparison and analysis of the putative ORF yybQ gene product was made using the GCG package (version 9.1, Genetics Computer Group, Madison, WI, USA) ; CLUSTAL w at Seqnet, Daresbury (Thompson et al., 1994) and internet links to BLAST, Motifs and Blocks via the World Wide Web site of the Molecular Biology User Group, University of Birmingham.
Isolation of B. subtilis DNA. B. subtilis WB600, obtained from S. Wong, University of Calgary, Alberta, Canada, was grown in shaken culture at 37°C in LB broth. The cells from duplicate 5 ml overnight cultures were separately centrifuged (MSE Microcentaur; 13000 r.p.m.) and washed by suspension and recentrifugation in 5 ml sterile distilled water. The pellets were drained and the DNA extracted from each using an IGI Gene DNA Extraction kit (Immunogen International) according to the manufacturer's protocol. PCR and cloning. Primers for PCR were made by Alta Bioscience. For PCR reactions, the final concentration of each dNTP was 20 pM and that of each primer 4 pM. Vent, DNA polymerase (New England Biolabs) was used according to the manufacturer's instructions in a final volume of 50 p1. In PCR, the annealing and extension temperatures were 59 "C and 72 "C, respectively and 25 cycles were used. PCR product was purified using a QiaexII agarose extraction kit (Qiagen) according to the manufacturer's protocol. The purified PCR product was ligated into vector pETllc (Novogen), CUE with BamHI and NdeI and treated with shrimp alkaline phosphatase. Ligation was overnight at room temperature with 1 unit T 4 DNA ligase. For transformation, 100 pl competent E. coli DH5a cells (Sambrook et af., 1989) were mixed with 5 p1 ligation mixture and plated onto LB agar plates containing 100 pg ampicillin ml-'. Plasmid DNA was extracted from the cultures using the miniprep procedure described by Sambrook et al. (1989) , and was screened for the presence of insert by PCR using primers supplied by Novogen. Overexpression. Plasmid DNA was extracted from two different clones of transformed DH5a cells and used to transform the overexpression strain E. coli BL21 (DE3). The procedure described by Novogen, with 100 pg ampicillin ml-l in all media and 1 mM IPTG as inducer, was used to overexpress the protein. Samples (100 pl) were withdrawn from cultures, mixed with an equal volume of 2 x sample buffer (Laemmli, 1970) , heated at 90 "C for 5 min, then analysed by SDS-PAGE [lo% (w/v) acrylamide gel] using a Hoeffer Mighty Small I1 apparatus. Cultures (200 ml) of induced cells were harvested by centrifugation (2000 g, 15 min), washed by suspension and recentrifugation in 1.15 M KC1, 10 mM MOPS, pH 7.0 (extraction buffer) and resuspended in 20 ml of the same buffer. This suspension was sonicated for 4 x 30 s with 1 min on ice between each period of sonication. The sonicated extract was centrifuged at 12000g for 15 min at 4 "C. The supernatant was retained, dispensed in 1 ml aliquots and stored at -20 "C. Characteristics of the overexpressed protein. Samples were analysed by SDS-PAGE and by matrix-assisted laser desorption and ionization mass spectrometry (MALDI-MS) using a Kratos Kompact analytical mass spectrometer. Samples were also assayed for protein content (Bradford, 1976) . PP,ase activity, and effects of different metal ions on both activation and activity, were tested in duplicate as described by Kuhn & Ward (1998) . Equivalent samples obtained from induced control cultures of E. coli BL21 (DE3) containing PET1 l c without insert were also analysed.
RESULTS AND DISCUSSION

subtilis PP,ase is the product of gene yybQ
The N-terminal sequence of the first 15 amino acids of the major protein species in the purified PP,ase was MEKILIFGHQNPDTD. This sequence was used to probe the B. subtilis genome database and showed complete identity with the first 15 amino acids of the protein encoded by B. subtilis yy6Q (SP:P37487), an ORF with no previously assigned function (Ogasawara et al., 1994; Kunst et al., 1997) . The translated product of yy6Q comprises 309 amino acids and has a calculated molecular mass of 33988.5 Da. This value agrees well with that of 34019 Da obtained by MALDI-MS for the major component of the purified enzyme (Kuhn & Ward, 1998) . However it remained essential to clone and overexpress this gene and show that the product was identical to the B. subtilis PP,ase in size and in enzymic characteristics. It was also important to show that overexpressed enzyme differed from the native PP,ase of the host strain used (E. coli).
Cloning and overexpression of yybQ
The full-length coding region of yy6Q was amplified from genomic DNA of B. subtilis WB600 with the oligonucleotide primers (a) 5' GGAATTCCATATGG- AAGCTTGGATCCTTATTCAGCCATTGCGTAT-GTTAC 3'. These introduced EcoRI and NdeI restriction endonuclease sites at the 5' end, and HindIII and BamHI sites at the 3' end of the amplified fragment, respectively. In each of two parallel amplifications a single product of approximately 1 kb was obtained.
Each product was cloned in-frame into E. coli expression vector pETllc using the unique NdeI and BamHI sites and transformed first into E. coli strain DHSa (for maintenance and storage) and then further into strain BL21 (DE3). After suitable growth of transformed BL21 (DE3), overexpression of PP,ase was induced by addition of IPTG. PP,ase activity was located only in the cytosolic fraction of the cells, and was maximally induced 2-3 h after addition of IPTG. Analysis of soluble extracts by SDS-PAGE revealed, for each of the two parallel experiments, a single major band against a background of minor bands of E. coli endogenous proteins. The major band migrated identically to the PP,ase purified from B. subtilis ( Fig. 1) and was electrophoretically Table 1 . PPiase activity in bacterial extracts transferred onto PVDF membrane. Sequencing of this material showed identity of the first 15 amino acids to those of the purified B. subtilis PPiase (see above).
Analysis of whole-cell extracts by MALDI-MS gave a single major peak of molecular mass 34011 and 34029 for the two separately isolated clones. These values are, within experimental error, indistinguishable from each other and from that of the purified B. subtilis enzyme (Kuhn & Ward, 1998) . In contrast, the native E. coli PP,ase has a deduced molecular mass of 19572 (Lahti et a/., 1988) .
Enzymic characteristics of overexpressed PP,ase
The PP,ase activity of clarified cell extracts of E. coli with and without overexpression were compared. The absolute activities differed profoundly, being about 10 pmol PP, hydrolysed min-l (mg protein)-' for the native E. coli enzyme and about 6000pmol PP, hydrolysed min-l (mg protein)-' for the overexpressed enzyme. Remarkably, this latter specific activity somewhat exceeded the highest specific activity obtained with PPiase purified to near homogeneity from B. subtilis (Kuhn & Ward, 1998) . The tested properties of the overexpressed protein accorded with those of the native B. subtilis enzyme, but not with those of the native E. coli enzyme. Thus, at p H 7 the E. coli enzyme hydrolysed Mg.PP, and Zn.PP, substrates at equal rates, using each metal ion at optimal concentration. In contrast, the overexpressed enzyme, and the native B. subtilis enzyme, hydrolysed Zn.PPi only about 17% as fast as Mg.PPi (Table 1) . Exposure of the native E. coli enzyme to 1 m M EDTA for 12 min did not impair its catalytic activity when subsequently presented with Mg.PP, substrate ( Fig. 2a ). Similar activities were evoked when the enzyme was pretreated first with EDTA and then with either Ni2+, Cd2+, Zn2+, Sn2+, Cu2+, Ca2+, Mg2+, Sr2+ or Ba2+ ( Fig.  2a ), giving a metal ion concentration 1-4 m M over and above the prevailing concentration of EDTA. Prior exposure to Mn2+ or Co2+ did, however, yield increased
Cultures of E. coli BL21 (DE3) were grown in LB broth with ampicillin and induced with IPTG. B. subtilis WB600 was grown as described by Kuhn & Ward (1998) . Cells were broken by sonication and the extracts clarified by centrifugation. The total PP,ase activity of extracts was adjusted to similar levels and determined as described by Kuhn & Ward (1998) bovine serum albumin ml-' and incubated for 12 min at 37 "C.
It was then either diluted appropriately and assayed, or else diluted fivefold into 2 mM metal salt in the same BES/serum albumin buffer and incubated a further 45 min a t 25 "C. For enzyme assay, 10-50 ml samples were mixed with 0.45 ml of a solution containing 25 mM DL-serine, 1 mM Na.PP,, 1 mM EDTA and 5 mM MgCI, a t pH 9.0 (Kuhn & Ward, 1998) . Transition metal ions were effectively removed by complexing with EDTA in the assay.
subsequent activity (Fig. 2a ). The effect of these two metal ions appears not to have been previously reported. By contrast, the overexpressed PP,ase lost all Mg.PPi hydrolytic activity after exposure to EDTA. This was restored by further prior exposure to Mn2+ or Co2+, but not by exposure to the other ions listed above (Fig. 2b) . The overexpressed enzyme could undergo two complete cycles of activation and deactivation by sequential treatment with alternating excesses of Mn2+ and EDTA prior to presentation of the Mg.PP, substrate (Fig. 3) . This complete dependence on prior activation by Mn2+ (or Co2+) is characteristic of the purified B. subtilis enzyme (Kuhn & Ward, 1998) .
Sequence similarities of B. subtilis PP,ase with other proteins
Computer analysis of the protein database showed no similarity of B. subtilis PP,ase to other PP,ases even though they show significant similarities among themselves (Cooperman et al., 1992; Teplyakov et al., 1994) .
However, the local alignment search programme BLAST for PP,ase assay (Kuhn & Ward, 1998 Whittaker et al., 1996) and AF0756 of the archaeon Archaeoglobus fulgidus (AE000782; Klenk et al., 1997) . Simple pairwise analyses of the sequences, using the program GAP, showed more than 40% sequence identity and more than 50% sequence similarity. Fig. 4 shows the alignment of the four proteins made by the program CLUSTAL w. Identical and conservatively replaced residues are seen to be distributed throughout the proteins, including two runs of approximately 10 residues, each near the Nand C-terminal ends, respectively. There is also clear homology with the 16 N-terminal residues of a 34000 Da protein from Bacillus megaterium. This protein is almost certainly be identical to the Mn2+-activated PP,ase of this organism (unpublished observations). The four proteins, or predicted proteins, shown in Fig. 4 are similar in their sizes (309,307,311 and 322 amino acids respectively), in their calculated isoelectric points (4-53, 4-83, 4-34 and 4-77, respectively) and in the apparent conservation of four histidines. Other potentially active conserved groups include serine, arginine and lysine, but not cysteine. Therefore it can be predicted with some confidence that the M . jannaschii, S. gordonii and A. fulgidus gene sequences also encode PP,ases. The PP,ases of other organisms (Cooperman et al., 1992; Teplyakov et al., 1994) including Bacillus stearothermophilus and one representative of the Archaea, Sulfolobus acidocaldarius (Meyer et al., 1995) , show convincing similarities among themselves and to class A enzymes but not to the protein sequences discussed in this paper. Their similarities are confined to about 24 residues, 17 of them associated with the active site. In the most completely studied PP,ases of Saccharomyces cerevisiae and E. coli, chemical modification and site-directed mutagenesis have been used to identify active site residues (reviewed by Cooperman et al., 1992) . These enzymes show a conserved tyrosine and arginine at the putative active site. In contrast, no tyrosine is conserved in the four proteins shown in Fig. 4 . Another contrasting feature of previously studied PP,ases is the lack of conservation of histidine residues. These differences indicate that class C enzymes have a structurally distinct active site from enzymes of class A and B.
The global alignment programme FASTA gave low scores for two further proteins, an exopolyphosphatase (metaphosphatase) from S. cerevisiae (Wurst et al., 1995) and an ORF of unknown function from B. subtilis.
Even though not statistically significant, given the functional similarity of exopolyphosphatase and PP,ase there may be biological significance in this association.
However, the S. cerevisiae enzyme does not hydrolyse PP,, whereas the B. subtilis PP,ase, in contrast to exopolyphosphatase, does not hydrolyse tetraphosphate (Kuhn & Ward, 1998) . Consequently, if the two proteins are related their roles have now diverged. Pair-wise analysis using GAP gave low scores for identical and similar residues. Although inorganic PP,ase activity is normally assumed to be essential, for example for efficient DNA replication and transcription and for amino acid activation, the complete genomic sequences of M. jannaschii, B. subtilis and A. fulgidus do not contain any sequences representative of the hitherto recognized group of PPiases. Interestingly, the genome of Borrelia burgdorferi appears to encode no recognized PPiase. It may be that its PP, is disposed of by its unusual PP,-driven phosphofructokinase (Fraser et al., 1997) .
A proposed new classification of PP,ases
The unusual Mn2+-dependence of the PP,ase from B. subtilis, together with its apparently novel amino acid sequence, suggest that it may represent a new class of PP,ase. To assess this possibility we have compared the known properties of some 38 actual or putative PP,ases hitherto reported (Table 2 ). The data are naturally incomplete, and certain items bear some qualification. Nevertheless, alone on the basis of molecular mass (or number of amino acid residues) and prokaryotic/ eukaryotic difference, the enzymes appear to fall quite readily into three classes.
Class A is characterized by prokaryotic PP,ases of subunit size 164-184 amino acids and of molecular mass approximately 20 kDa. They are typically tetramers or hexamers, and have specific activities of roughly 1000 pmol min-l (mg protein)-'. The exceptionally low reported specific activity of PP,ase from Bartonella bacilliformis may bear re-examination. Puzzling is the report of an apparently class-A-type PP,ase from B. subtilis (Shimizu et al., 1997) , since the genome of this organism lacks the expected homologous sequence. Significant similarity (3eW2') is also found between the E. Bult et al. (1996) ; 36, Jetten et al. (1992) ; 37, Lahti & Niemi (1981) ; 38, Whittaker et al. (1996) . t I n pmol PP, hydrolysed min-' (mg protein)-'.
bovine retina and porcine brain have specific activities approaching 1000 pmol min-l (mg protein)-', other activities are markedly lower than those of class A enzymes. This class of PP,ase appears the most variable, including smaller putative enzymes of Arabidopsis and potato, and the enzyme studied from human erythrocytes. Although, by itself, the deduced molecular mass of the potato enzyme might seem to place it in class A, nevertheless its sequence homology with that of Arabidopsis, together with its eukaryotic source, clearly places it in class B. Fig. 4 . Even allowing for the lack of Nterminal methionine and the uncertain identification at two positions, the homology with the B. subtilis PP,ase is striking. The PP,ases of Streptococcus faecalis and Methanothrix soehngenii have been tentatively included in class C on the basis of their reported 33-35 kDa subunit sizes (SDS-PAGE) that effectively exclude them from class A. Streptococcus pyogenes may also produce a class C PP,ase, judging from the significant similarity (8-le-I2) with contig 238 of the database accessed at http ://dnal.chem.uoknor.edu. It is premature to generalize about the subunit associations characteristic of this class.
The proposed classification of Table 2 interestingly rationalizes the variable fluoride sensitivity reported for different PPiases. Simply put, class A and B PP,ases are strongly inhibited by about 1 m M fluoride whereas class C PP,ases are not. In this context, Table 2 includes the briefly reported fluoride sensitivity of a bovine liver PP,ase, but excludes an accompanying fluoride-insensitive enzyme whose extremely low specific activity [I pmol min-l (mg protein)-'] renders its identity as a true PP,ase doubtful (Hiraishi et al., 1997) . Detailed studies of yeast and rat liver PP,ases have shown the formation of stable enzyme-PP,-fluoride inhibition complexes also containing 2-4 Mg2+ ions (Baykov et al., 1976 (Baykov et al., , 1977 (Baykov et al., , 1992 . The implication that fluoride inhibition is a peculiarity of the active site fits with the apparent similarity of active sites in class A and B PP,ases and the apparent dissimilarity in class C PPiases. According to Cooperman et al. (1992) , 17 of about 24 residues conserved between class A and B PP,ases are confined to a region in or close t o the active site. As pointed out above, there are no obvious sequence similarities of PP,ases in these classes with those in class C. Less clear in Table 2 is the comparative sensitivity of PP,ases to thiol poisons. So far no such sensitivity has been found for class C PP,ases, whereas several class A and B PP,ases are indeed sensitive. However the E. coli and S. cerevisiae PP,ases clearly show little sensitivity.
In conclusion, the present paper identifies an apparently new class of soluble PP,ase, already characterized in B. subtilis and B. megaterium but possibly also present in two archaea and a streptococcus. There may be two distinct evolutionary lines of PP,ase, both represented in prokaryotes but only one among eukaryotes.
